Abstract -Particulate matter (PM) is a significant pollution problem on the global scale. There are different ways to measure PM from stationary sources. The most used types of PM collection methods include different filters. These include cellulose, glass, mixed and membrane filters. In this study PM samples were measured in the flue gas condenser -fog unit system before and after the unit according to ISO 9096 standard using isokinetic and gravimetric method. PM concentrations after fog unit were measured at different water flows and nozzle types. Impact factors, that effect PM concentrations before and after the fog unit are listed and studied in detail. Achieved results show that the fog unit can be one potential technology for particle matter emission decrease from the household sector. 
INTRODUCTION
Particulate matter (PM) is a term used to describe a mixture of dust particles and small liquid drops. They can be divided by origin into natural and human made particulate matter. Natural PM is caused by volcanic eruptions, vapour, sand and fine particulate transfer with wind, etc. Human made PM comes from different materials, for example, tires, asphalt, flue gas, transport exhaust gases, etc. PM is one of the main contents of flue gas from solid fuel combustion equipment that promotes increase of emissions in the atmosphere from combustion equipment.
PM can be described by physical and chemical characteristics, such as size and colour, amount, surface area, concentration, density and behaviour. PM can also be viewed as a function of temperature and pressure. It has become a significant pollution problem in many European countries, due to exceeding values of PM concentrations, that are set in EU Directive 2008/50/EC on ambient air quality and cleaner air for Europe [1] , [2] . 137 pollutant concentration differences between air moving around (upwind-downwind) source site, to measure diffused emissions [13] .
There is no PM sampling device with a 100 % efficiency rate. One of the reasons for this is particle bounce, when particle strike and bounce off the collection surface. This might cause losses of already collected particles.
Filter-based PM sampling methods are most used, due to the low cost of filters, easy storage conditions and that they can be used for various analyses of collected PM, they are feasible to different flow volume rates. Filters have different mechanisms for particulate capture from stream. Some of these mechanisms are electrical and gravitational attraction, inertial impaction, direct interception and diffusional deposition. All these mechanisms depend on particle characteristics (composition, size, behaviour), flow rate and filter media type.
Diffusion is the irregular movement of particles, which are suspended in a medium (air). Particle collection rate on a filter by diffusion is dependent on particle concentration gradient, occurring between the filter and air flow through fibres.
Direct interception is similar to mechanical straining. When particle reaches a distance from the filter, equal to or less then its radius, the interception mechanisms occurs and the particle settles on the filter.
Inertial impaction is dependent on mass and velocity of the particle, as it has inertia, when moving in stream. Changes in particle size and filter fibre diameter change the efficiency of inertial impaction collection of PM.
Another PM collection method is electrical force, when particle and filter fibre has opposite electrical charges that attracts particle to filter. However, it has to be noted that, during actual filtration, combined factors of these factors are taking place [14] . Table 1 summarises only a part of existing PM measurements methods. Mostly in real life applications, combinations of two or more PM measurement methods are combined. For example, ISO 9096:2017 offers a set of requirements that are applicable for the combination of gravimetric, isokinetic and filter-based methods for PM concentration determination. The combination of these methods provides highly accurate PM measurements, but is time consuming and therefore ISO 9096:2017 is applied in this study for measurements of PM concentrations in the fog unit system.
There are different types of filter materials available for PM sampling. These include cellulose, glass, mixed and membrane filters. Cellulose fibre filters are usually called chemical filters, which are designed for liquid-solid separations. Even though designed for a different purpose, these filters have proven to be suitable for application in PM sampling.
Glass fibre filters are made from glass fibre combined together with an organic binder that is afterwards compressed. These filters are suitable for application in high temperatures, up to 540 °C, therefore it is widely used in stack sampling [15] . Quartz fibre filters can be used in applications for up to 1000 °C.
Mixed fibre filters have characteristics of the different fibres that they are made of. Their efficiency and chemical properties depend on contents.
Membrane filters are made of cellulose compounds, such as, cellulose nitrate, PVC, Teflon. These filters are usually used on flat surfaces in controlled atmosphere conditions.
The choice of certain filters depends on many factors, such as: characteristics, PM collection efficiency, possible impurities, conditions at sampling site, chosen method of analysis, flow and light absorption characteristics, just as the purpose for filter application [14] .
METHODS
PM measurements analysed in this study are carried out in the fog unit system. The fog unit system consists of a pellet boiler, ducts, flue gas condenser and has several different measuring points for parameters like water temperature, flue gas temperature, particulate matter amount, flue gas contents and characteristics (velocity, pressure, etc.). The system and its operation are described in detail in the work of Priedniece et al. [16] . Measurements after the fog unit are carried PM measuring method in flue gas after condenser is carried out according to ISO 9096:2017. The used method describes procedure for manual particulate concentration determination in standard conditions from stationary source emissions. Sampling is carried out using inner filtration method in isokinetic conditions. Isokinetic sampling is a type of sampling, where inlet gas velocity in sampling nozzles (vn) and direction is the same as for gas in duct (vs) at the sampling points.
PM sampling is done at emission source. Before sampling, filters and washing trays are prepared in the laboratory. Filters that apply to terms set in ISO 9096 are used for testing. PM sampling device used in this study is Tecora Isostack G4 (see Fig. 1 ), which complies with ISO 9096. Tecora Isostack G4 is an isokinetic flue gas analyser that consists of suction device with gas measuring system, silica gel (moisture absorbent) trap, Tecora condenser, sampling probe (with temperature sensor and pitot tubes) and connecting pipes, filter holder (filter support, prepared filters, nozzle set), probe nozzle faucet for leak check test, Tecora USB for exporting data.
Filter Preparation
Filters used for PM sampling in this study are round glass fibre filters with a diameter of 47 mm that conform with requirements of Tecora Isostack G4 and ISO 9096. Filter and washing tray weighing are carried out on analytical weights, with an accuracy of +0.1 mg when laboratory conditions are less suitable for measurements (drafts or vibrations impact high precision measurements) or 0.01 mg, when conditions are suitable for more precise measurements. As weighing time between filter preparation measurements and filter treatment after sampling usually is different by several days, then before every weighing, a set of control procedures are done, to provide representativeness of measurements:
− Inner calibration of analytic weights, using standard weights; − Weighing of control/reference parts, that is equivalent to one used in measurements (for example, blank filter or tray) and has been kept in the same conditions; − Registering of environmental conditions (temperature, absolute pressure, relative moisture content) in laboratory. Environmental conditions are registered before every weighing procedure.
It has to be taken into account, that filter material and particles collected on it can be hygroscopic and volatile. Therefore, weighing has to be done in the first minute after filter removal from desiccator. Strong hygroscopic particles absorb moisture and can change the size of particles, which can in turn impact their sedimentation, collection, removal and deposition on filters and possibly in respiratory system of living organisms. Therefore, it is necessary to follow relative humidity during sampling process and its effect on the results.
PM Sampling Process
During PM sampling, flue gas flow is separated from main gas flow in determined sample collection points with set time of isokinetically controlled flow velocity. Suitable measurement results can be obtained, if:
− The minimum time of measurement is 30 minutes, to collect suitable amount of particulate matter and decrease the possibility of measurement error; − Gas flow is parallel to probe nozzle axis; − Gas flow at sampling point has stable and determinable velocity, temperature, pressure and homogeneous gas composition; − Sampling is carried out, without disrupting gas flow; − Isokinetic sampling conditions are provided through the whole sampling time, therefore, velocity checks have to be made in sampling plane; − To provide representative sampling (if PM division in duct is not uniform), samples are collected at previously determined number of points on sampling plane; − Leaks in the sampling have to be prevented; − Particulate matter depositions above filter are collected and taken into account in mass concentration calculations; − After every set of measurements or at least after every day of sampling, a blank sample has to be collected. It allows to evaluate dispersion of results, that is connected with whole procedure, performing it at conditions, when PM concentration is close to zero. Unfortunately, it is almost impossible to achieve uniform conditions for measurements of all parameters after the boiler and parameters that leave the biggest impact on PM measurements, such as differential pressure, flue gas temperature and flow fluctuate all the time, as can be seen in Fig. 2 . As can be seen in Fig. 3 , PM concentration on filters differ which is demonstration in their colour. Lighter coloured filters have lower PM concentrations and have been used at bigger water flows, while darker coloured filters have higher PM concentrations with measurement carried out at smaller water flows. In this case filter No. 5 has been used to measure PM after the fog unit at water flow of 200 l/h, filter No. 4 was used for PM measurements after the fog unit at water flow of 150 l/h, filter No. 3 was used after the fog unit at water flow of 50 l/h and filter No. 2 was used to measure PM concentration before the fog unit (after the boiler) without water spraying. The nozzle used for measurements was MPL0.77 M.
Filter Treatment
After sampling, cartridges (containing used filters) and containers (with washing fluid) are taken back to laboratory for treatment. Treatment includes moving filters and washing fluid to previously prepared trays. Afterwards they are dried in a drying oven. After drying, filters and fluid trays are moved to the desiccator, where they are kept overnight. When filters and trays are ready for weighing, environmental conditions are registered and weights are calibrated. Each mass is registered in a test protocol according to numbering of trays.
Data collected from filter preparation and treatment, testing equipment (Tecora Isostack G4 and flue gas analyser TESTO 350) are used in calculations of PM concentration in standard conditions, according to ISO 9096.
RESULTS

Tests before Fog Unit
Ten tests were conducted to determine PM measurements after the boiler. The differences in measured PM concentration before fog unit that are affected by various factors are displayed in Fig. 4 . Relative humidity and changes in air density create a significant impact on mass measurements over a range of temperature conditions, even when humidity levels are controlled. It has been proven in the work of Rasmussen et al. [17] . The study also shows that increase in relative humidity increases water absorption by PM. The effects of relative humidity on PM measurements can be neglected if PM samples on the filter exceed a mass of 100 µg. Errors of water absorption are yet to be considered in measurements. As can be seen in the picture, PM concentrations before the fog unit vary depending on measuring conditions and effecting parameters. The highest measured PM concentration achieved during experiments is 40.1 mg/Nm 3 , while the lowest is 32.6 mg/Nm 3 , which is achieved in tests No. 5 and No. 7. As mentioned before, PM concentration determination is dependent on filter mass that is affected by environmental conditions and boiler operations. Overall PM amount is affected by temperature and pressure in ducts, where measurements are taken, just as relative humidity of flue gas. Table 2 shows average parameters before the fog unit for every PM test. Even though the boiler was operating in the same regime during all tests, parameters differ in each of them. Flue gas temperature changes from 118 °C to 126 °C, flue gas flow changes from 1.05 to 1.56 m/s, flue gas draft is between -12.6 and 0.61 Pa, oxygen concentration in flue gases changes between 10.0 and 12.1 %, boiler operation time at the start of PM measuring is from 1.7 to 7.1 h and PM 
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143 concentrations differ in a range from 32.6 to 40.1 mg/Nm 3 . This means that PM measurements might be affected by changes in the mentioned parameters.
Factors Affecting PM Measured Concentration
Correlation and regression analysis were carried out to see, which of measured parameters in the fog unit system (flue gas temperature, flue gas flow, flue gas draft, oxygen concentration, boiler operation time) affects PM concentration. It was determined that the main parameter that affects PM concentration is boiler operation time. Measurements of PM before fog unit were taken at different operation times of the boiler. A correlation between PM concentration and boiler operation time is significant (R 2 = 0.81). The PM growth trendline displays how much (in percentage, %) PM concentration grows when attributed to PM concentration in the 1 st hour. It should be taken into account that the boiler has an operation stabilisation time of 1 up to 1.5 hours, therefore PM measurements can be performed after stabilisation is reached. Results show that there is an increase in PM concentrations, if measurements are carried out at later boiler operation times.
Data analysis was carried out in Statgraphics. The output shows there is a fitting multiple regression model that describes the relationship between PM concentrations and two independent variables (boiler operation time and oxygen content in flue gas. The Eq. (1) is for the model:
where Time is boiler operation time, h; Oxygen is oxygen content in flue gases, %.
The R 2 value is 0.94, the P-value is less than 0.05, describing significant relationship between variables at 95.0 % confidence level. The standard error of residuals is 0.76. The difference between measured and calculated PM concentrations using achieved multiple regression is displayed in Fig. 6 . Filter mass changes due to relative humidity are displayed in Fig. 7 . The graph presents strong correlation, where increase of relative humidity promotes growth of filter mass, since decrease of relative humidity effect reduction of filter mass. Since relative humidity increase from 23.8 % to 60.4 %, the filter mass grows from 145.3 mg to 146.5 mg. Mass of each filter can vary typically in a ±10 mg range. This is the reason why effect of relative humidity must present a relative growth of filter mass. The relationship between relative filter mass changes and relative humidity are displayed in Fig. 8 . Relative humidity of 50 % and ambient air temperature of 22 °C are selected as reference conditions. Even though relative filter mass changes are small (<1 %), in reality it is from 1 up to 1.5 mg which, compared to PM mass, leaves a significant effect on the end results of PM concentrations. 
PM Concentration after Fog Unit
During the fog unit experiments, the main parameters that are changed during tests are: sprayed water flow (together with pressure on the nozzle and drop diameter), sprayed water temperature, 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 146 and nozzle type. There are three types of nozzles used during the tests with set operating parameters, see Table 4 . Particulate matter was measured using all nozzles with set water flows of 50 l/h, 150 l/h and 250 l/h. It was not possible to achieve water flow of 250 l/h for nozzle MPL0.77 M due to its technical restrictions. There were three water temperature regimes used during testing: +20 °C, +30 °C and +40 °C, however effects caused by temperature are not considered at the time. Achieved results for every nozzle are displayed in Table 5 and Fig. 9 . A more detailed look on PM concentration results is shown in Fig. 9 . It shows the range of results for each nozzle type. Regression analysis was carried out to study PM concentration changes according to nozzle type, water flow and water temperature (at inlet). Analysis was carried out in Statgraphics Centurion 16.1.17 software. The output shows that there are two independent variables that describe PM concentration changes. These parameters are water flow and water temperature. R 2 value is 0.51, the P-value is less than 0.05, which means that there is a significant relationship between variables at 95 % confidence level. The standard error of residuals is 4.53. The equation for the fitted model is Eq. (2):
where PMafg PM concentration after the fog unit, mg/Nm 3 ; WF water flow, l/h; tw water temperature at fog unit inlet, °C.
The difference between measured and calculated PM concentration values using achieved regression equation is displayed in Fig. 10 . As can be seen from the figure above, there are differences between measured and calculated PM values. Results are more similar for smallest PM concentrations of around 10 mg/Nm 3 . There is close relation between results at high concentrations of around 25 mg/Nm 3 . Results between these lower and upper values are more dissipated, this might be explained by different measurement conditions during experiments, that might not be as fluctuating in calculations. This leads to necessity for a more detailed analysis of experimental data that affects PM concentrations after fog unit, that should be carried out in future research.
CONCLUSIONS
PM measurements are not uniform in nature and can be affected by various parameters. There are different ways to measure PM concentrations in flue gas, just as there are different materials used for PM capture. This research studies the use of fibre glass filters in PM capturing device in a fog unit system. This means that PM measurements are carried out at dry and wet flue gases. It is concluded, that there are different parameters affecting PM measurement precision. The ones viewed in this research are weather conditions in the laboratory, flue gas characteristics, boiler operation time. It is proved that all of the mentioned parameters leave a significant effect on PM results. When looking at nozzles, results show that nozzle MPL1.12 M and MPL1.51 M are more suitable for use in the fog unit than nozzle MPL0.77 M. The maximal PM concentration reduction 77 % using fog unit technology was achieved using nozzle MPL1.12 M with flow 150 l/h and MPL1.51 M with flow 250 l/h.
Further studies should be carried out, comparing the two more efficient nozzles to find optimal operation conditions for the fog unit system, considering their efficiency not only at different water flows, but also at different water temperatures. A method to include various effects affecting PM concentration results should be established to reach more precise results in the future. Measured PM concentration will be further analysed, considering all factors that affect PM measurements, which have been defined in section 3.2., like boiler operation time, environmental conditions in laboratory during treatment of filters, etc. 
